Although dependence of invertebrate photoreceptor biophysical properties on visual ecology has 10 already been investigated in some cases, developmental aspects have largely been ignored due to 11 the general research emphasis on holometabolous insects. Here, using the patch-clamp method, we 12 examined changes in biophysical properties and performance of photoreceptors in the common 13 water strider Gerris lacustris during postembryonic development. We identified two types of 14 peripheral photoreceptors, green-and blue-sensitive. Whole-cell capacitance (a measure of cell 15 size) of blue photoreceptors was significantly higher than the capacitance of green photoreceptors 16 (69 ± 20 vs. 43 ± 12 pF, respectively). Most of the measured morphological and biophysical 17 parameters changed with development. Photoreceptor capacitance increased progressively, and was 18 positively correlated with: sensitivity to light, magnitudes and densities of light-induced (LIC) and 19 delayed rectifier K + (I DR ) currents, membrane corner frequency and maximal information rate 20 (Spearman rank correlation coefficients: 0.70 (sensitivity), 0.79 (LIC magnitude), 0.79 (I DR 21 magnitude), 0.48 (corner frequency), and 0.57 (information rate). Transient K + current increased to 22 a smaller extent, while its density decreased. We found no significant changes in the properties of 23 single photon responses or levels of light-induced depolarization, the latter indicating a balanced channelome expansion associated with I DR expression. However, the dramatic, ~7.6-fold increase in 25 I DR from first instars to adults indicated a development-related rise in the metabolic cost of 26 information. In conclusion, this study provides novel insights into functional photoreceptor 27 adaptations with development and illustrates remarkable variability in patterns of postembryonic 28 retinal development in hemimetabolous insects with dissimilar visual ecologies and behaviours.
nymphs and 60 ± 21 nF (n = 33) in adults. Because average photoreceptor capacitance correlated 147 linearly with body length (Fig. 1D ) it provides a useful immediate indicator of photoreceptor 148 development. 149 Responses were recorded from 23 green-sensitive photoreceptors and 48 blue-sensitive 150 photoreceptors originating from water striders of different developmental stages (Fig. 2) . Spectral 151 sensitivities (approximated by the amplitude of light-induced current responses to different 152 wavelength LEDs) of nymph and adult photoreceptors of each spectral class were identical. 153 Interestingly, in adults blue photoreceptors were noticeably larger and had a significantly higher 154 whole-cell capacitance (a measure of cell size) than green ones (69 ± 20 vs. 43 ± 12 pF, 155 respectively, P < 0.001; n = 23 and 10, respectively). Moreover, it appears that water strider 156 individual ommatidia contain peripheral photoreceptors of a single spectral type as -without 157 exception -all ommatidia where blue photoreceptors were recorded were substantially longer and 158 more slender than ommatidia from which green photoreceptor recordings were obtained. This 159 difference was so salient that it was possible to discern the spectral classes of photoreceptors in the 160 dissociated ommatidia very reliably by microscope examination alone. In addition, blue 161 photoreceptors (and blue-like ommatidia by visual observation) were more numerous than green 162 ones, by a factor of 2.1, in agreement with the numbers cited above.
163 Figure 3 shows typical light responses of adult and nymph photoreceptors to steady light of 164 increasing intensity (Fig. 3A, B) and quantifies transient and sustained depolarization of five 165 photoreceptors from adult water striders (Fig. 3C ). The resting potential was -60 ± 4 mV (n = 17). 166 No significant differences in the levels of 'shot noise' or voltage bump amplitudes were observed 167 between nymphs and adults. 169 Despite the relatively small size and capacitance, variation in capacitance among water strider 170 photoreceptors correlated with variation in absolute sensitivity to light. Photoreceptor sensitivity 171 was measured by counting voltage responses to single photons ('voltage bumps') evoked by 172 continuous stimulation at low light intensities (eliciting responses at a rate that was low enough to 173 allow reliable bump counting; on average, the rate of evoked bumps was 3.3 ± 1.8 s -1 ). For each 174 photoreceptor, sensitivity to light was defined as the reciprocal of light intensity that would induce 175 1 effective bump s -1 . The relative light sensitivity was then calculated as a fraction of the sensitivity 176 of the most sensitive cell in the experiments. Figure 4 shows the correlation between sensitivity to 177 light and capacitance. For the combined sample of green and blue photoreceptors from water 178 striders of all developmental stages the Spearman rank order correlation co-efficient (SRCC) was 179 0.70 (n = 29, P < 10 -4 ) for all cells combined but for blue photoreceptors only ρ = 0.73 (n = 18, P = 180 0.006). In adults alone, blue photoreceptors were on average 4.6-times more sensitive than green 181 photoreceptors. These results are consistent with the idea that the growth of photoreceptors during 182 development mainly occurs in the rhabdom, possibly in its length, as well as in the number and size 183 of microvilli, increasing the area of the light-absorbing membrane. Figure 5B . Photoreceptor 188 capacitance correlated strongly with the magnitude of maximal steady-state LIC (LIC ss ) determined 189 as the average current during the last 3 s of the 4 s-long current response to the light intensity that 190 elicited the largest LIC (ρ = 0.79, P < 10 -6 for all cells combined, n = 30; ρ = 0.78, P < 10 -4 for blue 191 photoreceptors only, n = 20, Fig. 5C ). From first instar to adult water striders, average maximal 192 LIC ss increased by 2.8-fold, from 73 ± 24 pA (n = 5) to 204 ± 139 pA (n = 10). Although no 193 statistically significant correlation was found between capacitance and maximal LIC ss density 194 obtained by dividing maximal LIC ss by cellular capacitance (ρ = 0.32, P = 0.09 for all cells 195 combined; ρ = 0.29, P = 0.2 for blue photoreceptors only), LIC density tended to increase with 196 growth (Fig. 5D , Table 1 ).
Sensitivity to light

197
As no substantial difference was observed between nymph and adult water striders in either 198 amplitude or kinetics of quantum bumps, the increased magnitude of whole-cell currents suggests 199 that growth-related changes in the rhabdom are limited to increasing the number and size of 200 microvilli. 
Voltage-activated K + currents 202
Voltage-activated K + channels in the photoreceptor membrane are responsible for resting potential, 203 prevention of excessive membrane depolarization, and regulation of voltage responses in a voltage-204 and time-dependent manner (Niven et al. 2003b; Vähäsöyrinki et al. 2006; Weckström et al. 1991; 205 Weckström and Laughlin 1995). As in many other insect species, we found two types of voltage-206 activated outward currents, with hallmarks of a rapidly activating and inactivating A-type K + 207 current (I A ) and a slowly-inactivating (at positive potentials) delayed rectifier type K + current (I DR ) 208 in water strider photoreceptors ( Fig. 6 ). I A could be completely removed with an inactivating pre-209 pulse to -34 mV or -44 mV between 0.5 and 2 s in duration (pre-pulse duration and voltage can be 210 selected during recordings depending on the magnitude of the remaining I A so as to abolish it 211 without altering I DR substantially). Figure 6A and B show the total K + current, I DR and I A recorded 212 from typical adult and first instar nymph photoreceptors. In adults, the magnitudes of maximal I DR 213 and I A were similar, although with large variability from cell to cell (Fig. 6C ). The half-activation 214 potential was -19 ± 6 mV for I A and -18 ± 10 mV for I DR (n = 23).
215
Developmental changes in K + conductances were a prominent increase in I DR and smaller 216 increase in I A : photoreceptor capacitance correlated strongly with the maximal I DR conductance (ρ = 217 0.81, P < 10 -6 for all cells combined, n = 62; ρ = 0.79, P < 10 -6 for blue photoreceptors only, n = 218 36), whereas only weak correlation was observed between capacitance and I A (ρ = 0.30, P = 0.019 219 for all cells combined, n = 59; ρ = 0.28, P = 0.1 for blue photoreceptors only, n = 35) ( Fig. 6D, E) . 220 In particular, maximal I DR conductance increased by 7.6-fold from first instar nymphs to adults 221 (from 2.3 ± 1.4 nS (n = 12) to 17.5 ± 7.5 nS (n = 23), respectively) while capacitance only increased 222 2-fold. At the same time, maximal I A increased from 9.2 ± 3.9 nS in first instar nymphs to 17.8 ± When photoreceptors from adult water striders were stimulated with WN1, the resulting 241 average maximal IR (IR max ) was 12 ± 5 bits s -1 (n = 9). However, when the WN2, with power 242 limited to ≤ 15 Hz, was used, IR max was 60 ± 6 bits s -1 (n = 6). This difference was apparently 243 caused by much greater stimulus power in the frequency range visible to water striders in WN2.
244
Therefore, only WN2 was used for subsequent analysis.
245 Figure 7A shows representative examples of voltage responses from adult and first instar 246 nymph photoreceptors to WN2 that yielded IR max in the corresponding cells. Both the 3 dB high-247 frequency cut off ('corner') frequency (f 3dB ) and gain ( Fig. 7B ) of membrane responses in the larger 248 adult photoreceptors were greater than those elicited from the nymph photoreceptors. Average IR max 249 was 26 ± 12 bits s -1 in first instar nymphs (n = 4), more than two-fold lower than in adults (~60 bits 250 s -1 , see above). Figure 7C shows relative changes in information rate with increasing light intensity 251 recorded from the same adult photoreceptor as in Figure 7A . for calculations because at potentials corresponding to IR max the contribution of I A was negligible 270 due to inactivation. No correlation was found between photoreceptor capacitance and IR max 271 depolarization level (Fig. 8A) . However, the increase in I DR with development caused strong 272 correlation between capacitance and I DR at the IR max depolarization level (ρ = 0.75, P < 10 -6 for all 273 cells combined, n = 32; ρ = 0.84, P < 10 -6 for blue photoreceptors only, n = 24) ( Fig. 8B ). This 274 increase in I DR was moderately correlated with improvement in membrane bandwidth (ρ = 0.63, P = 275 10 -3 for all cells combined, n = 32; ρ = 0.65, P = 10 -3 for blue photoreceptors only, n = 24) and IR max 276 (ρ = 0.49, P = 0.01 for all cells combined, n = 27; ρ = 0.54, P = 0.012 for blue photoreceptors only, 277 n = 21) ( Fig. 8C, D) . Finally, when capacitance was plotted against estimated relative metabolic morphologically, suggesting an unusual specialization with consistent segregation of green-and 292 blue-sensitive photoreceptors into separate ommatidia. We tried to test this hypothesis by recording 293 from two photoreceptors in the same ommatidium, but these attempts were unsuccessful. There 294 were also morphological differences between green and blue photoreceptors, as whole-cell 295 capacitance of the latter was significantly higher than that of green cells. As photoreceptor size 296 appears to be linked to photoreceptor performance (Fig. 7F (Frolov et al. 2012) ), this suggests that 297 contrast resolution is primarily performed by blue photoreceptors. The prevalence of ommatidia 298 with blue-like appearance in the recording chamber after dissociation, and among recorded cells, is 299 consistent with this hypothesis. 
316
One explanation for the poor performance of water strider photoreceptors could be that 317 despite their high 'running' speed and sensitivity to large moving objects, water striders do not need 318 truly superior vision due to their particular visual ecology. Gerridae occupy the two-dimensional 319 world of the water surface, and, correspondingly, their eyes possess a narrow acute vision zone 320 consisting of facets ± 5° around the eye equator with high vertical resolution used for detailed 321 examination of objects of interest at close distance (Dahmen 1991). However, their primary sense 322 appears to be vibratory perception and discrimination of signals conveyed by water ripples, through 323 which they discern mates from potential prey and predators, and which serves as their main means 324 of communication (Wilcox and Spence 1986).Therefore, apart from close-distance resolution, 325 vision is likely to be instrumental for detection of larger distant or smaller nearby predators, which 326 move without producing significant vibrations, such as birds above water or fish and other aquatic 327 species underwater. Since triggering of avoidance reactions may only require visual motion 328 detection, high information rate photoreceptors might be unnecessary for mediating escape 329 reactions in the water strider. They may instead depend on temporal and spatial processing of 330 shadow edges, by on-and off-photoreceptor responses in higher-order visual centres.
331
Other explanations may be found in the structure of the eyes in the water strider. In flies, the 332 males have a higher-acuity area in the frontal part of the retina, where the photoreceptors are also 333 faster than elsewhere (Burton et al. 2001) . A similar situation, improving the performance of 334 photoreceptors in the acute zone near the equator of the eyes may exist also in Gerris, but could not 335 be distinguished by our in vitro recordings because the anatomical origin of the ommatidia could 336 not be determined. Another intriguing possibility is suggested by the evidence for neural 
371
Developmental changes in photoreceptor biophysical properties have only previously been 372 explored in one other species, Carausius morosus (Frolov et al. 2012) . As the water strider has very 373 different behaviour and visual ecology from the stick insect, it is instructive to compare 374 photoreceptor characteristics between first instar nymphs and adults of these two species as well as 375 the developmental trends discovered in electrophysiological experiments.
376
In general, K + conductances and LIC changed in a similar manner in the stick insect and the 377 water strider: I DR and LIC magnitudes were strongly and positively correlated with capacitance, 378 whereas I A was correlated to a much lesser extent (no correlation was found in the stick insect).
379
These results support the notion that (1) I A is predominantly expressed in the light-insensitive part 380 of photoreceptor membrane, while I DR channels are closely associated with the rhabdom, consistent 381 with previously published observations (Hardie 1991; Krause et al. 2008; Rogero et al. 1997) , and 382 that (2) photoreceptor growth mainly occurs in the rhabdom. However, none of these trends explain 383 the three most salient developmental differences between the two species: the anomalously large (Table 1) . Obviously, relatively large quantum bumps in current found in stick insect nymphs can 395 explain most if not all of the difference in voltage bump size between the two species. In addition, 396 water strider nymph photoreceptors were characterized by the relatively high I A , which is expected 397 to attenuate isolated voltage bumps evoked from the dark resting potential in dim illumination. In 398 fact, the difference in I A was even greater at negative voltages than at the nominal voltage (not 399 corrected for the access resistance voltage error) of +36 mV (Table 1) . For instance, at -24 mV, the 400 chord-conductance of I A was 1.6 ± 0.7 nS in stick insect nymphs and 3.0 ± 1.4 nS in water strider 401 nymphs.
402
In contrast to water strider nymphs, prolonged voltage responses of stick insect nymphs 403 occur at relatively low potentials. Two membrane characteristics mostly determine the level of 404 steady-state depolarization during light response if we ignore ion exchanger currents: the 405 magnitudes (and densities) of LIC and I DR . Although LICs were of similar magnitude and density in 406 the first instar nymphs of both species, I DR was more than 2-fold higher in the stick insect (Table 1) .
407
Again, as in the case with I A , the difference was even more prominent at negative voltages: at -24 408 mV, I DR was 2.4 ± 1.2 nS in stick insect nymphs and 0.7 ± 0.6 nS in water strider nymphs. As I DR 409 determines membrane gain and regulates the level of depolarization (Vähäsöyrinki et al. 2006) , the 410 relatively small I DR in water strider nymphs could be useful for maintaining higher steady-state 411 depolarization with the same LIC. Low I DR should also result in a smaller membrane corner 412 frequency (Fig. 8C) , which is instrumental for filtering out high-frequency voltage noise (van Table 1 shows that for the 422 stick insect the LIC SS /current bump ratio is 12.1-fold higher for adults than for nymphs. For the 423 water strider this ratio is much smaller, only 2.5-fold. Moreover, there are more transduction units 424 available in water strider nymphs than in stick insect nymphs but this is reversed for adults. There is 425 a surprisingly good match between these differences in 'transduction unit' ratios and the differences 426 between the actual information rates within each species (Table 1) , indicating a direct relationship 427 between peak information rate of photoreceptors and the number of contrast-resolving units, as 428 suggested previously (Song et al. 2012) . Note that the IR values shown were obtained by different 429 stimuli (we did not use WN1 in experiments with water strider nymphs) so a direct comparison of 430 these IR values between the two species is not possible. Nevertheless, the LIC SS /current bump ratio 431 for the adult stick insect was 2.2-fold higher than that for the adult water strider, whereas the 432 corresponding IR ratio is 2.8 (using the adult water strider's IR of 12 ± 5 bits s -1 and the stick 433 insect's IR of 34.1 ± 5.0 for WN1). Altogether, these data demonstrate that photoreceptor 434 performance of water strider first instar nymphs is superior to that of their stick insect counterparts 435 due to differences in the photoreceptor channelome (the set of ion channels expressed in the 436 photoreceptor), which, in turn, is shaped by evolution under differing behavioural and visual 437 ecological pressures.
438
In contrast to the stick-insect Carausius, the growth of water strider photoreceptors was 439 associated with increasing metabolic cost of signaling when measured with I DR , both in absolute 440 terms and per bit of information. Analysis of developmental changes in I DR reveals the cause of this 441 increase: with growth, the density of I DR is actually increased (Fig. 6F ) rather than decreased in the 442 stick insect. This increase in the cost of information can be contrasted with the previous 443 observations in flies, which show that although flies with better vision expend more energy to 444 maintain the high performance of their photoreceptors: the cost of information per bit steadily 445 decreases with improvement in the overall information processing across species (Niven et al. 446 2007). However, that result is not necessarily applicable to the developmental context, as opposite 447 trends are found in two different species. This situation calls for more comparative and 448 developmental research on the question of photoreceptor performance and energy consumption.
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Notonecta glauca, Corixa punctata and Gerris lacustris. Cell and tissue research 197: 39-59, 1979. 532 533 Table 1 . Comparison of photoreceptor properties in water strider and stick insect adults and first 587 instar nymphs. Legend: LIC SS , steady-state LIC; (*) in the water strider, as voltage bumps in 588 nymphs and adults at RP level were very similar, no attempt was made to analyze them beyond 589 rough size estimation; (**) IR were measured by using different stimuli, WN1 in the stick insect and 590 WN2 in the water strider; (***) adult/nymph ratios are shown for each species.
Legends to figures
591
Parameter
Water strider, adult
Water strider, first instar Stick insect, adult Stick insect, first instar Capacitance, pF 60 ± 21 29 ± 7 212 ± 104 37 ± 21 I DR , nS 17.5 ± 7.5 2.3 ± 1.4 11.9 ± 0.9 5.2 ± 0.7 I A , nS 17.8 ± 10.8 9.2 ± 3.9 7.5 ± 1.0 6.3 ± 0.9 I DR density, nS/pF 0.29 ± 0.12 0.08 ± 0.04 0.10 ± 0.08 0.13 ± 0.05 I A density, nS/pF 0.31 ± 0.19 0.33 ± 0.13 0.07 ± 0.08 0.19 ± 0.10 LIC SS , pA -204 ± 139 -73 ± 24 -691 ± 440 -82 ± 45 LIC SS density, pA/pF -2.8 ± 1.1 -2.3 ± 0.7 -3.2 ± 1.9 -2.6 ± 1.0 Current bump, pA -12.2 ± 3.6 -11.1 ± 2.5 -19.1 ± 1.7 -26.9 ± 3.4 Voltage bump, mV 1 − 2* 1− 2* 1.9 ± 0.2 5.1 ± 1.0 LIC SS /Current bump 16.7 (2.5***) 6.6 36.2 (12.1**) 3.0 IR**, bits s -1 60 ± 6 (2.3***) 26 ± 12 34.1 ± 5.0 (11.8***) 2.9 ± 0.7
